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¥^ SWNTs, in greater quantities and for lower costs. 
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METHOD AND APPARATUS FOR PRODUCING CARBON NANOTUBES 



BACKGROUND OF THE INVENTION . . 

invention is xelated to the field of poncing caxbon 
nanotubee . ana .ox, paxticulaxly. but not by way of ligation, to 
method, an, appaxatus fox pxoducing single-walled caxbon nanotubea. 
Caxbon nanotube. (also xefsxxed to as carbon fibxils, axe 

v. i M iL h f u ii fullerene caps which 
seamless tubea of gxaphite sheet, with full 

„exe fixat discovexed aa «>ltilayex concentxic tubea ox multi- 
plied caxhon nanotubes and subse^ently aa single-walled caxbon 
nanotubea in the pxesence of txanaition —1 catalysts, caxbon 
Mn o t ube, have shown pxomi.ing applioations including nanoscal. 
eleetxonic devices, high stxength matexials. electxon fl.l 
evasion, tip. fox scanning pxobe micxoscopy. and gas stoxage. 

Genexally, single-walled oaxbon nanotubea axe pxefexxed ovax 
^iti-wall.d caxbon nanotubea fox use in these application because 
th ey have fewex defeat, and axe thexefoxe stxongex .and moxe 
conductive than multi-walled -ban nanotubea of similax diametex. 
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Defects are less likely to occur in single-walled carbon nanotubes 
than in multi-walled carbon nanotubes because multi-walled carbon 
nanotubes can survive occasional defects by forming bridges between 
unsaturated carbon valances, while single-walled carbon nanotubes 
have no neighboring walls to compensate for defects - 

However, the availability of these new single-walled carbon 
nanotubes in quantities necessary for practical technology is still 
problematic- Large scale processes for the production of high 
quality single-walled carbon nanotubes are still needed. 

Presently, there are three main approaches for synthesis of 
carbon nanotubes. These include the laser ablation of carbon 
(Thess, A. et al., Science , 273:483, 1996), the electric arc 
discharge of graphite rod (Journet, C. et al., Nature , 388:756, 
1997) r and the chemical vapor deposition of hydrocarbons (Ivanov, 
V. et al. r Chem. Phvs. Lett . 223:329, 1994; Li A. et al., Science, 
274:1701, 1996). The production of multi-walled carbon nanotubes 
by catalytic hydrocarbon cracking is now on a commercial scale 
(U.S. Patent No. 5,578,543) whi^e the production of single-walled 
carbon nanotubes is still in a gram scale by laser (Rinzler, A.G. 
et al. , Aopl. Phys. A, . 67:29, 1998) and arc (Journet, C. et al., 
Nature , 388:756, 1997) techniques.-.. 

Unlike the laser and arc techniques,, carbon vapor deposition 
over transition metal catalysts tends to create multi-walled carbon 
nanotubes as a main product Instead of single-walled carbon 
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Hcevar. tbare «. bsan S o„e succass in proancrn, 
sing Xe- U aUaa carbon nanotobes «x- the catalytic 
crac k i„ g process • Oai at aX. <Pai. H. a, a.., ^3=^-^. 
26 „.47! 1996, aa-onstrate wab-Xi k s ain g l.-alled carbon nanotubes 
resnXtin, rr« disproportionate or carbon -aonosiae .CO, .itb a 
^ybaanu*. ,Ho, cataiyst sopportea on ***** « " 

.roa, the rsport.a aXectron horoscope i^as, the Ho »etaX 
obviousXy a«acbas to nanotnbsa at tbair tips. .Tba raportad 
dialer or sin g la-w,XXsa carbon nanotubas 9 a„eraXXy varias rro* 
t _ to „ . ana sas»s to ba controXXaa by tba Ho particX. srre 
Cataiyata containing iron, cobaXt or nic te X ba,a b.an usaa at 

' .. .M-c to 1200-C to form multl-waiXed carbon 

temperatures between 850 C to l^uu 

nan otub.s ,0.3. ratantno. 4.^30,. HecentXy. rope-Xi e bundX. 
or ,in g le-„aXXed carbon nanotubes «ere g en.rated rro„ tba tba™ 
crocks o f banrana „itb iron cataXyst ana suX.r 
^peraturea between XXOO-X^C." , C ban 9 . .... at aX., XZO^ 
^ V,™. X99S, Cben g . at aX.. «"-*»^ 

2 S9: 6 0 2 , X99S, . Tba syntbasiraa.sin g Xa-«aXXaa carbon nanotube a a 
rou g bly a lig naa in bundXes ana „o,an to.atbar si.iX.rXy , « 
obtainaa £ ro» Xaaar yaporiration or aXactric arc »etbod. Tba «. 
of xaaar t.r g ata c^risin, ona or »ore Group « ~ ^ ™ 
transition .ataXs to sin g Xa-aXXaa carbon nanotubes bas baa 

* «of al catalysts comprising ifon 
^ / W nQfl/iq?S0K The use of metal ca^xj 
proposed (W098/39^uj . 
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(Cr, Mo and W) , VII (Mn, Tc and Re) or the lanthanides has also 
been proposed (U.S. Patent No. 5,707,916). However, methods using 
these catalysts have not been shown to produce quantities of 
nanotubes having a high ratio of single-walled carbon nanotubes to 
multi-walled carbon nanotubes. Moreover, metal catalysts are an 
expensive component of the production process. 

In addition, the separation steps which precede or follow the 
reaction step represent a large portion of the capital and 
operating costs required for production of the cafbo'n nanotubes. 
Therefore, the purification of single-walled carbon nanotubes from, 
multi-walled carbon nanotubes and contaminants (i.e., amorphous and 
graphitic carbon) may be substantially more time consuming and 
expensive than the actual production of the carbon nanotubes. 

Therefore, new and improved methods of producing nanotubes 
which enable synthesis of bulk quantities of substantially pure 
single-walled carbon nanotubes at reduced costs are sought. It is 
to such methods and apparatus for producing nanotubes that the 
present invention is directed. 

SUMMARY OF THE INVENTION 
According to the present invention, a method and apparatus for 
producing carbon nanotubes is provided which avoids the defects and 
disadvantages of the prior art. Broadly, the method includes 
contacting, in a reactor cell, metallic catalytic particles with an 
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effective amount of a carbon-containing gas at a temperature 
sufficient to catalytically produce carbon nanotubes, wherein a 
substantial portion of the carbon nanotubes. 

Further, the invention contemplates a method wherein the 
catalytic particles are exposed to different process conditions at 
successive stages wherein the catalytic particles do not come in 
contact with reactive (catalytic) gases until preferred process 
conditions have been attained thereby controlling the quantity and 
form of carbon nanotubes produced. The method also 'contemplates 
m ethods and apparatus which recycle and reuse the gases and 
catalytic particulate materials, thereby making cost 
efficiency, reducing wastes, reducing the need for additional raw 
ma terials, and producing the carbon nanotubes, especially SWHTs, in 
greater quantities and for lower costs. 

Other objects, features and advantages of the present 
invention will become apparent from the following detailed 
description when read in conjunction with the accompanying figures 
and appended claims. 
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DESCRIPTION OF DRAWINGS 

Figure 1 is a flowchart showing the process steps of one 
embodiment of the present invention. 

Figure 2 is a cross-sectional view of a reactor which can be 
used with the process contemplated as one embodiment of the present 
invention. 

Figure 3 is a cross-sectional view through line 3-3 of the 
reactor of Figure 2 . 

Figure 4 is a diagrammatic, representation of an apparatus 
which can be used in the method/of the present invention. 

Figure 5 is a diagrammatic representation of another apparatus 
which can be use^d in the method of the present invention 



DETAILED DESCRIPTION OF THE INVENTION 
A preferred embodiment of a method contemplated by the 
invention described herein is characterized by the schematic 
flowchart shown in Figure 1. The process shown in Figure 1 is but 
one embodiment of the present invention and as such it is 
understood that the present invention is not limited to this 
example or to other examples shown herein. 

Figure 1 shows a series of process steps A-Q which represent 
a method of continuous catalytic production of carbon nanotubps. 
In Step A, a quantity of catalytic particles is introduced into a 
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reactor, such as but not lifted to, the reactor 10 described 
elsewhere herein in detail and shown in Figures 2 and 3, for 
example. The catalytic particles are any particles comprising a 
catalyst effective in forming carbon nanotubes. Especially 
preferred embodiments of the catalytic particles are described 
elsewhere herein, but it will be understood that the present 
. invention is not to be limited only to the types of catalytic 
particle explicitly described herein. In any event, .the catalytic 
particles generally comprise a solid support material which first 
has been impregnated with a metallic catalyst (i.e., a transition 
metal precursor) then calcined, then preferably processed into a 
pellet form. The peptization process can be performed either 
before or after the support material is impregnated with the 
catalyst (transition metal precursor) . 

The present method is especially designed for the production 
of single-walled carbon nanotubes (SWNTs) because in the present 
process the reaction conditions . (e.g. , temperature and duration of 
exposure to reaction conditions), to which the catalytic particles 
are exposed are highly controlled at different stages. The ability 
to regulate temperature and reactive concentrations is important to 
obtain the high selectivity necessary to produce S^Ts. In the 
process described herein, these ■ problems have been solved by 
subdividing the process and the reactor in which the process st^ps 
occur, into different stages so the catalytic particles are not 
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contacted with the reactive gas (e.g., CO) until the optimal 
reaction conditions have been' achieved . For exatrple, the yield of 
nanotubes is affected by the catalyst formulation (e.g., transition 
metal ratio, type of support, and metal loading) , by the operating 
parameters (e.g., reaction temperature, catalytic gas pressure, 
space velocity and reaction time) , and by pretreatment conditions 
(e.g., reduction and calcination). 

After the catalytic particles have been introduced into the 
reactor, Step B is carried out in which the catalytic particles are 
treated with a heated inert gas, e.g. , He, under high pressure, 
which functions both to preheat the catalytic particles to a high 
temperature, for example, about 700°C, and to remove air from the 
catalytic particles in preparation for the subsequent reduction 
step. In Step C, the catalytic particles are exposed to a reducing 
gas such as H 3 at about 500 "C, under high pressure, for example, 
which reduces, at least partially, the catalyst within the 
catalytic particles to prepare it for catalysis and the reducing 
gas is flushed from the catalytic particles by an inert gas such as 
He heated to about 750 °C, under high pressure, for example, which 
also reheats the catalytic particles for the next step. Where used 
herein, the term "high pressure" or "elevated pressure- is intended 
to generally represent a range of from about 1 atm to about 40 atm, 
where about 6 atm is preferred. Other elevated pressure levels may 
be used in other versions of the invention contemplated herein. 
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Step D follow, step C and is the reaction step in which an 
elective amount of a carhon-containin* 9 a. -uch aa CO heated to a 

7^o°C-900°C and under 
.citable reaction temperature auch aa about 750 

high preaaura ia erpo.ed to the reduced catalytic particle.. It i. 
d urin 9 thia ata 9 e that carbon nanotube. and amorphou. carbon are 
fo^ed on the catalytic particle.. Hot. that before the catalytic 

* t-^ r-rie. carbon- containing gas, the 
particles have been exposed to the- caroon 

H has been flushed from the flow of catalytic 
reducing gas, e.g.. H,, has oeen 

„ an inert gas such as He under 
particles by the reheating gas, e.g. , an inert g 

high pressure. 

Mt er Step D, the catalytic particle, are .ubjected to a Step 

K ia which the reacted catalytic particle, are exceed to , heated 

^ reaction „ under hl g h preaaura auch aa He heated, for 

e«le. to ahout which function, to fluah the carhon- 

eont.inin, g a. re^inin, from th. previoua step P. then the fl bed 

catalytic particle, are cooled with a coolin* ... ~* a. He 

other inert 9 a. under h ig h pree.ure at a lower 

a*!-ov r-lie reacted catalytic 
»>,™,r- ^oo«>C or lower. After tne reo 
example, about 300 l . o . n 

i a . hev are subjected to a Step F wherein 
particles have been cooled, they are suoj 

th ey are e*po.ed tc . .tree, of a heated oxidative - ~* 

hi 9 h pre-aure. for arable at ahout 300-C wherein- 
aBOT phcu. carhon particle, are horned away from the catalytic 
paIti cle. .uh.tantl.lly leavin g only carhon nanotube. in 
Lclytic particle., m step the cidi.ed catalytic particle, 
«e then removed from the reactor for further. 
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processing. In Step H, the catalytic particles are subjected to 
a purification process which results in the separation of the 
catalyst (which bears the nanotubes) from the support. In a 
preferred method, the support, such as SiO a is dissolved by 
treatment with a base such. as NaOH, for example, at a concentration 
of about 0.1-1.0 Molar, at a preferred temperature of from about 
22°C to"about 70°C with vigorous stirring or sonication or in any 
appropriate method known to those of ordinary skill in the art. 
Alternatively, the support may be soluble in an acid rather than a 
base, for example, a MgO support, alumina support, or ZrO a support, 
using HCl, HF, HN0 3 , aqua regia, or a sulfo- chromic mixture. Other 
support materials may require other methods of separation from the 
catalyst- e.g., using organic solvents such as chloro- compounds , 
and are also considered to be encompassed by the bounds of the 
present invention. For example, in an alternative embodiment 
organic solvents can be used to separate the carbon nanotubes from 
silica support by extraction after sonication using methods known 
in the art. 

The term "catalyst" where used herein may also be used 
interchangeably with any of the terms "catalyst material," 
"metallic catalyst," "metal catalyst," "transition metal" and 
"transition metal precursor." The term "support" may be used 
interchangeably with the term "support material" or "support 
component . " 
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A£ ter the support has been separated £ rom the cataiyst. the 
„talyet is £ urther treated in step I by ensure to et^ acid 
«..„. . about 0.1 M to ahout , «, thereby cauein g dissolution o £ 
ca taly.t and separation rrom the nanotubee thereby ***** « 
^ed form at the carbon n.aotahea in Step a. The carbon 

j i- r\ vifald carbon nano tubes 
.. Qn >.p further processed to yiexa caxuu 
nanotubes can then he rurcnex & 

• having a greater purity. 

X *ey aspect of the present invention is to recycle and 
the support serial and catalyst material to improve - 
of the nanotube production process, -use of the metal catalyst - 

,,i ™talvst ia one of the most expensive 
important becaaae the metal catalyst is 

components o £ the entire proc.ee. The sapport is recovered » P 
K * precipitation irom solution obtained durin 3 step H *a~ a 
che hase ( or acid, i. neutralised. ^ -port can he added „ 
st ep M to the sapport precipitated in Step K to maKe up £ or suppo- 
serial lost durin 9 the process. Similarly, the metal catalyses 
recovered in step , hy precipitation rrom solution „hich the crd 
,« other dissolution solution, is neutralised, -ash- catalyst 

m catalyst recovered in Step L to make up 
can be added in step N to catelyst r 

£o r catalyst serial lost durin, the previous steps o. 
P rcce.s. The precipitated support and catalyst material a 
Lsh support and catalyst materials are coined in a Step ^ 

. ,-mvst are treated using methods 
wherein the support material and catalyst are 

v to those of ordinary skill in the art to cause the 

well known to those oi- 
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support material to be impregnated with the catalyst. The 
impregnated support is then calcined and pelletized in a Step P, 
again, using methods well known in the art f to form the catalytic 
particles to be fed into the reactor. If desired, in a Step Q, 
additional "fresh" catalytic particles can be added at this stage 
and combined with the catalytic particles from step P, which 
■ k together are then fed into the reactor, thereby completing the 
process of the present invention. The Steps O and P can be 
modified in any manner which is ^effective in regenerating the 
catalytic particles for use in the reactor. 

Benefits and advantages of the carbon nanotube production 
method contemplated herein are numerous. The method as 

contemplated herein can be adjusted to maximize the production of 
SWNTs due to the fact that the process conditions and parameters 
can be highly controlled. The process is economical because the 
process is continuous (although it may be processed in a "batch") 
and because materials and gases* used in the process are recovered 
and recycled- Recycling reduces the amount of waste product as 
well as the amount of raw materials initially required thereby 
reducing the overall cost of the process. The process results in 
the catalytic particles being exposed to each gaseous phase for a 
minimum duration thereby maintaining a more constant reactant 
concentration (e.g., minimizing C0 2 buildup) which is favorable for 
obtaining a homogenous nanotube product. The process contemplated 
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Herein further enables use of high gas flow rates thereby 
.inking the external diffusional effects and maximizing the heat 
transfer rate. As noted earlier, the solid phase (catalytic 
particles) retention time can be adjusted independent. of the gas 
phases. This enables the process and apparatus contemplated herein 
to be used with a wide range of catalysts with different 
activities. Further, the process is independent of the reaction 
yield, and the division into separate stages and . steps allows 
different thecal treatments to be used. These factors enable 
optimization of the gas hour space velocity. Additionally, as 
noted, initial purification of the product can be done within the 
reactor (the oxidation or "combustion" step) - 

jy^e^j^Qj^^ 

The SWNTs are obtained through the following exemplary 
exothermic and reversible reacion: 

2 CO(g)<-»- CISWNT) (s)+ C0 2 (g) 
Under the reaction conditions, the Co: M o catalyst deactivates 

due to different phenomena: 

- the formation of the SWNTs themselves; 

the formation of other carbon species; 
_ the reduction of the Co (or other catalyst) by the CO (or 
other carbon-containing gas) - 
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Since the reaction and the deactivation occur at the same 
time, in order to maximize the yield of the reaction, it is 
important to find the conditions under which the formation of the 
SWNTs is much faster than the deactivation of the catalyst. Many 
of those conditions are determined by the fact that this reaction 
is exothermic and reversible. 

Although high temperatures (above about 650°C) are necessary 
in order to produce SWNT with high selectivity, if the temperature 
is too high, (e.g., above about 850°C> , the inverse reaction of the 
nanotube formation increases and the overall reaction rate is lower 
(the equilibrium of the reaction shifts to the left) . 

Keq(600°C)=0.57 psi" 1 
Keq(700°C)-0.047 psi^ 1 
Keq(800 a C) *=0.0062 psi" 1 

It is important to note that if the inverse reaction is 
avoided (e.g., by maintaining a low CO a concentration), according 
to the Arrheniue Law, the higher the temperature, the higher the 
reaction rate. The upper limit for the temperature will be given 
in this case by the deactivation of the catalyst due to sintering. 

Since the moles number in the gaseous phase is higher in the 
left term of the equation than in the right term, as pressure 
increases, overall reaction rate of SWNT production increases and 
the equilibrium of the reactions shifts to the right. For 
instance , if the reaction 1b carried out isothermically starting 
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^ v the conversion of the CO at the 

with pure CO at about 700»C the 

48% to about 75% when the pressure is 
equilibrium shifts from about 48% to a 

increased from about 14.7 to about 150 psi- 

xne CO, produce, during the reaction also plays a v ry 
imp ortant role. - CO, not only dilutes the CO Cor other, react We 
gas) but it also increases the importance of the inverse reactio^ 
Bot h phenomena conduct to a lower reaction rate and they can even 
~ n ^ o1v if the equilibrium conditions are 

tte Ma ^ o£ COi „ e acerbated 

r eeched. « ,*ntioned ^. «- ■ ^ 

with higher temperature and leer pre.aure. * about 

+-v,*vr«* is no other gas present,- 

Sine, the CO, 13 produced during the reaction. 

_ high rXo. retee or the reactive g ee in order to ^intern 

corrective gae ratio during the proceaa. 

„f an inert gae in the fed atream also may have 
The presence of an inert gee 

■ «. effect. It not oniy decreaaea the reaction by 
undesirable effects. j- , of 

but i t also shifts the equilibrium ox 
diluting the reactive gas, but it ax 

• „ the left reducing the overall reaction rate even 
the reaction to the left, reuu 
«. due to the effect of the inverae reaction. 

Therefore, eepacialiy preferred operating condrtrons 
high reaotiye gae concentration, a texture in the range » 

— — ■ high preeaure ( ahoy. ahout ,0 pai) . - • 
space velocity (above about 30,000 h") . 
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In general, the method for producing single-walled carbon 
nanotubes comprises contacting catalytic particles with an 
effective amount of a carbon- containing gas heated to a temperature 
of from about 500°C to about 1200°C, preferably from about 600°C to 
about 900°C, and more preferably from about 650°C to about B50°C / 
more preferably from about 700°C to about 800 °C, and most 
preferably about 750 °C. 

The phrase "an effective amount of a carbon- containing gas" as 
used herein means a gaseous carbon species present in sufficient 
amounts to result in deposition of carbon on the catalytic 
particles at elevated temperatures, such as those described herein, 
resulting in formation of carbon nanotubes. 

As noted elsewhere herein, the catalytic particles as 
described herein include a catalyst preferably deposited upon a 
support material- The catalyBt as provided and employed in the 
present invention is preferably bimetallic and in an especially 
preferred version contains at least one metal from Group VT1I 
including Co, Ni f Ru, Rh, Pd, Ir, Fe, Pt, and at least one metal 
from Group Vlb including Cr, W, and Mo or Group Vb including Nb. 
Specific examples of bimetallic catalysts which may be employed by 
the present invention include Co-Cr, Co-W, Co-Mo, Co-Nb, Ni-Cr, iTi- 
W, Ni-Mo, Ni-Nb, Fe-Nb, Ru-Cr, Ru-W, Ru-Mo, RJh-Cr, Rh-W, Rh-Mo, Pd- 
Cr, Pd-W, Pd-Mo, Ir-Cr, Ir-W, Ir-Mo, Pt-Cr, Pt-W, and Pt-Mo. 
Especially preferred catalysts of the present invention comprise 
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co-Mo. Co-*. co-Bo. *~ aod «... The catalyst may co^rise more 

than one o£ Che metals from each group. 

A synergism b— « *»- - «~ ^ COmPC>nentB 

of a bimetallic catalyst in that —111- catalytic particles 
containing the catalyst are much «. effective oataXyeta for the 
paction of single-walled carbon nanotuhea than metallic 

• • „ .li-her a Group VIII metal or a Group 
oataXytio particles containing either a Group 

VIb metal alone as the catalyst. 

M tal in the metallic catalytic particles where a bimetallic 
oataxyst is used -y also affect the selective production of 
si „gXe-».XXeo carbon nanotubee. The ^ ratio of the Group VIII 
rat al to the Group Vlh or Group Vb M tal in a bimetallic catalyst 
ifi preferably fro- ahout 1:10 to about ana .ore preferably 

^out X-.S to ahout 2 = 1 ana «t preferably ahout 1:4 to ahout 1 = 3 
to ahout a... GeneraXXy, the concentration of the Group Vlh n»tal 

n ^ Co) in metallic 

* t-v>~ nrouo VIII metal (e.g., 
concentration of the Group vxx 

oetalytic Particles ea*Ioyed for the seXective production 
single-walled carbon nanotubes . 

Xhe Gallic cateXytic particXe. may comprise «,re then one 

m ot.I from each of Groups VIII and vlh vb. - 

gallic cataxytic p»ticle. may cerise U, more than one Group 
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Group VIII metal and more than one Group VIb or Group Vb metal, or 
(3) more than one Group VIII metal and more than one Group VIb or 
Group Vb metal, or more than one Group VIII metal and one or more 
metals from each of Group VIb and Vb* 

The catalyst particles may be prepared by simply impregnating 
the support with the solutions containing the transition metal 
prescursors. The catalyst can also be formed in situ through 
decomposition of a precursor compound such as bis 
(cyclopentadienyl) cobalt or bis ( cyclopent adieriyl J molybdenum 
chloride . 

The catalyst is preferably deposited on a support such as 
silica (Si0 2 >, MCM-41 {Mobil Crystalline Material-41) , alumina 
(A1 2 0 3 ) , MgO, Mg(Al)0 (aluminum-stabilized magnesium oxide), Zr0 2 , 
molecular sieve zeolites, or other oxidic supports known in the 
art. 

The metallic catalytic particle, that is, the catalyst 
deposited on the support, may be prepared by evaporating the metal 
mixtures over flat substrates such as quartz, glass, silicon, and 
oxidized silicon surfaces in a manner well known to persons of 
ordinary skill in the art. 

The total amount -of bimetallic catalyst deposited on the 
support may vary widely, but is generally in an amount of from 
about 1% to about 20% of the total- weight of the metallic catalytic 
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particle, and »rs preferably fx- about 3* tc about .0* by weight 
of the metallic catalytic particle. 

in an alternative version of the invention the bimetallic 
catalyst may not he deposited on a support, in which case the metal 

• o «,v«t a ntiallv 100% of the metallic catalytic 
components comprise substantially 

particle. 

Examples of suitable carbon-containing gases which may be used 
' here in include aliphatic hydrocarbons, both saturated and 
unsaturated, such as ethane, ethane, propane, butane. hexane, 
ethylene and propylene, carbon. monoxide, emanated hydrocarbons 
such as acetone, acetylene and methanol; aromatic hydrocarbons such 
as toluene, benzene and naphthalan.; and stores of the above, for 
example carbon monoxide and .ethane. »se of acetylene promotes 
formation of multi-walled carbon n.notubes, while CO end methane 
are preferred feed gase. for formation of single-walled carbon 
nanotubes. The carbon-containing gas may optionally be mixed with 
a diluent gas such as helium, argon or hydrogen. 

in an especially preferred pediment of the method claimed 
Herein, the catalytic particle formulation is a Co-Mo/silioa 
catalyst/snpport, with a Co.Mo molar ratio of from about 1 = 2-1= . 
Monometallic Co catalysts or those with a higher CO = Mo ratio ten 
to result in low selectivity with significant production of 
defective multi-walled nanotubes -and graphite. In the temperatpre 
range investigated, without Co, Mo is essentially inactive for 
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nanotube production. The catalytic particles are pre -treated in 
hydrogen, for example, at about 500°C. Without this pre-reduction 
step, or with pre-reduction at higher temperatures {i.e., not 
enough reduction or too much reduction) the catalyst is not 
effective and produces leejs SWNT. Other supports such as alumina 
may result in a poor Co-Mo interaction, resulting in losses of 
selectivity and yield, 

A high space velocity (above about 30,000 h" a ) is preferred to 
minimize the concentration of C0 3 , a by-product of the reaction, 
which inhibits the conversion to nanotube s . A high CO (or other 
reactive gas) concentration is preferred to minimize the formation 
of amorphous carbon deposits, which occur at low CO (reactive gas) 
concentrations. The preferred temperature range is characterized 
in that below about 650 °C the selectivity toward SWNT is low; and 
above about 850°C, the conversion is low due to the reversibility 
of the reaction (exothermic) and the deactivation of the catalyst. 
Therefore, the optimal temperature is between about 700°C and 
about 800°C; more preferably between about 725°C and about 775°C 
and most preferably around about 750 °C. 

The production process contemplated herein has been designed 
in such a way to effect a rapid contact of the preferred catalyst 
formulation with a flow of highly concentrated CO (or other 
reactive gas) at around about 750°C. The quality of the SWNT 
produced by this method may be determined by a combination of 
char ac t er i z at ion 
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„ «*, on»^ToscoDV, Temperature Programmed 
techniques involving Raman Spectroscopy, xe P 

Oxidation (TPO) and Electron Microscopy (TEM) . 

The preferred methodology therefore comprises contacting a 
flow of CO gas (or other reactive gas in a high concentration) over 
the catalytic particles at about 750-C for about 1 hour at a high 
space velocity (above about 30,000/h) under high pressure (above 
about 70 psi) - 

« the conditions indicated above are followed, a high yield 
of BmrT (about 20-25 grams of SWNT per about 100 grams of initial 
catalyst loaded in the reactor) and high selectivity (> about 90%) 
■ is obtained. 



O peration 

A preferred embodiment of an apparatus for carrying out the 
process contacted herein ia shown in Figure. 2 and 3 . The 
apparatus is a raaotor identifiad by reference numeral 10. 
reactor 10 is constructed of three concentric chambers, an inner 
chamber 12, a middle chamber 14 having an inner space 15 (also 
referred to herein as a lumen)and an outer chafer 16. The inner 
chamber 12 is aubdivided into a plurality of inlet (gas receiving) 
chambers including a preheating gas inlet chamber 20a. a reducing 
g ae inlet chamber 20b. a reheating gas inlet chamber 20c. a 
reaction gas inlet chamber 20d. a post reaction gas inlet chamber 
20e , s cooling gas inlet chamber 20f , and a conation gas inlet 
chamber 20g. Kach gas inlet chafer 20a-20g ha, at least on. 
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corresponding gas inlet, 22a-22g, respectively, and has at least 
one corresponding gas outlet 24a~2 4g, respectively. The inner 
chamber 12 further comprises a closed upper end 26 and a closed 
lower end 28. 

The middle chamber 14 has an upper end 30 (also . referred to 
herein as an input end) which has an input conduit 32 for feeding 
catalytic particles into the middle chamber 14 , and has a lower end 
34 (also referred to herein as an output end) which has an output 
conduit 36 for removing reacted catalytic particles from the 
reactor 10. The middle chamber 14 also is constructed at least 
partially of a porous material ( including , for example, a 
perforated metal or screen) for forming a porous (or perforated) 
wall portion 38 of the middle chamber 14. The porous material may 
be any material which is permeable to gas introduced into the 
reactor 10 but which is impermeable to catalytic particles 
introduced into the inner space 15 contained by the middle chamber 
14 and which can withstand the operating conditions of the reactor 
10. Such materials are known to persons of ordinary skill in the 
art. The entire reactor 10 must be constructed of materials able 
to withstand the process condition to which they are exposed, as 
will be understood by a person of ordinary skill in the art. 

The outer chamber 16 is constructed of a plurality of outlet 
(outputting chambers) chambers including a preheating gas outlet 
chamber 40a, a reducing gas outlet chamber 40b, a reheating gas 
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anr " taction gas outlet chamber 40d, a post 
outlet chamber 40c, a reaction g 

^ w An* * cooling gas outlet chamber 40f , 
reaction gas outlet chamber 40e, a cooling g 

and a coition gas outlet chafer 40g- Each gas outlet chafer 
40 a-40g has a porous wall portion 42a-4 2 g, respectively, for 

• into each gas outlet chamber 40a-40g, and has at 

receiving gas into eacn y« . 

le ,st one .« — ™' th 7 9h 

. „ hl ch gas is eliminated each ~~ " 

4 0q, respectively- 

Bach gas „ tl e t chafer 40a-40g is position.. across f ™ each 
gas inlet chafer 20,-20g such that gas leaving each g.s inlet 
M 20a-20g under high pressure passes setose the porous »U 
porti ons 42a-4 2 g. teep.cti.el, en, into each gas outlet 

40a-40g, respectively- 

, -, v of catalytic particles 48 are continuously 
in use, a quantity of catalyti y 

f ea into the reactor 10 throngh the input conduit 32, en, into 

' ia Rn inert preheating gas 
inner space 15 of the middle chafer 14. An 

50a la introduced under high presenr. through ,a. relet 
Cheating gas inlet chafer 20a end thereto through gas ^ 
L »hereh, the inert preheating gas 50a. heats he catel* 
, particles 4 e „hich ate adjacent preheating gas inlet chafer » ~ 
a d .sir.d predated temperature. *he inert ^ 

„ the po „us portion 42a into pr.heatrng gas 
i-hen passes across the poruu v ^ 
lJ chalet 40a and out o £ the preheating ^ outlet ch^ 

a a a Tn a preferred embodiment, the P 
via gas outlet 44a. In a pi- 
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temperature is about 700 °C, but in alternative embodiments the 
preheating temperature can be in the range of from about 500 °C to 
about 1200°C. 

After the catalytic particles 4 8 have been heated they are 
moved into a position adjacent reducing gas inlet chamber 20b and 
are reduced by a heated reducing gas 50b such as H 2 which is 
introduced under high pressure through, gas inlet 22b into reducing 
gas inlet chamber 20b and therefrom through gas outlet 24b wherein 
the heated reducing gas 50b passes across the catalytic particles 
48, through the porous wall portion 42b, into the reducing gas 
outlet chamber 40b, and out of the reducing gas outlet chamber 40b 
via the gas outlet 44b. In a preferred embodiment, the temperature 
of the heated reducing gas 50b is about 500°C, but in alternative 
embodiments the temperature of the heated reducing gas 50b may be 
in the range of from about 400°C to about 800°C. Preferably, the 
heated reducing gas 50b is H 2 ,. but may be NH 3 or, CH 4 in other 
embodiments or mixtures of these gases and other gases, for 
example . 

After the catalytic particles 48 have been reduced by heated 
reducing gas 50b, they are moved into a position adjacent reheating 
gas inlet chamber 20c and are reheated after being cooled during 
reduction by an inert reheating gas 50c such as He which is 
introduced under high pressure through gas inlet 22c into reheating 
gas inlet chamber 20c and therefrom through gas outlet 24c wherein 
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SOc passes across catalytic particles 48, through 
the reheating gas 50c passes acr 

t h e potoos .ail Potion <2c, into to. latino g as outiet *—* 
4 0c, and out o. tne — * ooti.t «0c vi, t„e £ 

oatl et ,<o. xn . Purred — «-t to. tes^atot. - to 
„ h eatin 9 S as SOO is aooot ,30., >ut in aitetnative e^o-- 
th e te^atote oi t„e —tin, ,as SOc is in the ta„ g e « 

* i- i9no°c Preferably the reheating gas 50c is 
about 6Q0°C to about 1200 C. Prerer jr 

h in other embodiments, for example, 
. He, but may be Ar, or » a , xn otner e 

other inert gases or mixtures thereof. 

... -i^o iift have been reheat ed. oy 
After the catalytic particles 4B have 

„ - 5 «o. ^ - — ~ . ;mr g 

„as inlet onager 20d and are exposed to a heated 
lotion ,.s ,00 see* as CO » h io h is in— _ 
„ ,as inlet 22 d into motion g aa iniet ~- 

nfl . f ofld wherein the tieateu 
therefrom through gas outlet 24d w 

*0d oasses- across catalytic partxcles ««, 
containing reaction gas 50d passes a 

ttir ough t he porous wall portioned, into the reaction ga ut 

40d, and out of the reaction gas outlet chamb er 40 ~ 

in .igure 3. * a preferred embodiment the • 
hea ted carboh-containing reaction gas 50d is about « 
al ternative embodiments the temperature of the heate 

tion aas 50d is in the range of from about 500 C. 
containing reaction gas avm i ar . ti on gas 

, hlv the heated ca rbon-containing reaction g 
about 1200-C. Preferably the neaue. 
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50d is CO, but may be CH 4 , C 2 H 4r or C 2 H 2 or mixtures thereof f in 
other embodiments for example, but may be any carbon-containing gas 
which functions in accordance with the present invention. 

After the catalytic particles 48 have been reacted with the 
heated carbon-containing reaction gas 50d, they are moved into a 
position adjacent post reaction gas inlet chamber 2 0e and are 
flushed. of the heated carbon-containing reaction gas 50d while at 
the reaction temperature by a heated post reaction gas 50e such as 
He which is introduced under high pressure througfi gas inlet 22e 
into post reaction gas inlet chamber 20e and therefrom through gas 
outlet 24e wherein the heated post reaction gas 50e passes across 
catalytic particles 4 8, through the porous wall portion 42e r into 
the post reaction gas outlet chamber 40e, and out of the post 
reaction gas outlet chamber 40e via the gas outlet 4 4e- In a 
preferred embodiment, the temperature of the heated post reaction 
gas 50e is about 750°C, i,e* # the same temperature as the heated 
reaction gas 50d, but in alternative, embodiments the temperature of 
the heated post reaction gas 50e is in the range of from about 
300°C to about 800°C. Preferably the post reaction gas 50e is He, 
but may be N 2 or Ar, in other embodiments for example, or any other 
inert gas or mixtures thereof which function in accordance with the 
present invention. 

After the catalytic particles 4 8 have been cleared of phe 
heated carbon-containing reaction gas 50d by the heated post 
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reaction g as SOe. tbe y are „o,ed in" . «*~ * C °°"" 9 

g as inlet chafer 20f ana are cooled in preparation £ or conation 
o £ aa,crpbous carbon by coolin, ,aa 50i sucb as Ha 
sauced under hi g b preaaur. th,™* ,aa iniat 22* into coolm, 
gas inlet cba^er 20 £ and tbere £ ro* tbrou g b 9 aa outlet >« ™ 
tba Ha coolins 9 aa SOf passes acres catal^c particles . 
tbrou g b tbe P-us .all portion ,2*. into tbe =ooiin g g aa outlet 
cbasfcer 40 £ , and out o £ tbe =oolin g g aa ontiat abater « ™ *• 
g aa ontiat .«. in a P re £ erred e*odi„ent, the teafrerature of tbe 
coolin g 9 aa 5 0 £ i= considerably 1— than tbe feature o £ tbe 
po st reaction 3 aa SOd. tor «*U about 22-C. but in alternate 
^Odi^nta tbe temperature o £ tbecoolin, g aa S0 £ ia in tna ran,* 
o£ £ ™ .boot 0-C to about 300-C. ideally, tbe temperature o tb 
coolin g 9 aa =0 £ ia a potato te.per.ture eur £ icient to coo tbe 
»t,lytic particles 4S to a temperature lo»er tban or about ^ 
to tbat under »bicb tba ioiio^in, step will be carried c*. 
Preferably, tba coolin, g aa 5 0 £ is He, but may b. or >r an 
oth er embodiments tor .sample, or otber inert 9 aa.a or master 



thereof 



tbe catalytic particles 43 ba« been cooled by coolin, 
g aa SO, tbe, are mo.ed into a position adjacent coafcuatio, , ,as 
llet — 2 0 g uberein tba — carbon residua pro^ 
durin, tba reaction step can.be bnrnad o ££ in a * 
.osidation, step —out a ££ ectm g tbe nanotubes, by a 
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combustion gas 50g containing 0 2 (e.g., about 2% to about' 5%0 which 
is introduced under high pressure through gas inlet 22g into 
combustion gas inlet chamber 20g and therefrom through gas outlet 
24g wherein the heated combustion gas 50g passes across catalytic 
particles 48 f through the porous wall portion 42g r into the 
combustion gas outlet chamber 4 0g, and out of the combustion gas 
outlet 'chamber 40 f g via the gas outlet 44g. In a preferred 
embodiment/ the temperature of the heated combustion gas 50g is 
about 300°C, but in alternative preferred embodiments the 
temperature of the heated combustion gas 50g is in the range of 
from about 280°C to about 320°C. Preferably the heated combustion 
gas 50g is O a 2-5% in a gas mixture, but may be air or an air 
mixture with He, in other embodiments, for example, or may be any 
other gas which functions in accordance with the present invention 
to cause oxidation of the amorphous carbon on the catalytic 
particles 48. 

After the catalytic particles 48 have been subjected to the 
oxidation process to remove amorphous carbon, they are moved to the 
lower end 34 of the middle chamber 14 of the reactor 10 and are 
passed out of the reactor 10 through the output conduit 26 for 
further purification and processing as explained elsewhere herein. 

Apparatus for inputting, driving, and putputting the catalytic 
particles 48 into, through, and out of the reactor 10 are not shown 
but such mechanisms are well known in the art, and may include 
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aevices such as slide valves, rotary valves, »ble feeders, «- 
feeders, ecre„ colors, cone valves ana L vaa.es for -UoUin, 
ana ariving the flo. of catalytic particles ,8 into and out of the 
reactor 10. The flow rate of the catalytic particles 48 rs 
controlled, indepenaently of gas floe in the reactor 10, and flow 
»tes of each gas 50,-50g.in one e*odi»ent, »ay not be controlled 
independently of one another, or in an alternate cboa^ent m ay he 
' oontrolled independently tnerehy enabling tb, process conditions 
,„o parsers to be adjusted on an individual basis , 

Ihe present invention contemplates that the reactor 10, as 
shown and described herein, is constructed so a, to enable the 
gsses supplied to tb. reactor 10. such as gases SOa-SOg. to be 
cycled after bavin, been output fro. the reactor 10 
_ple, inert preheating gas 5 0„ e.g.. He. is collected 
outlet 4<a, purified if necessary, — additional rnert 

reheating gas SOa to replace lost. gas. reheated and pressured 
„ nd .eintroduced at gas inlet Similarly, heated reducing - 

cnk . o H is collected fxc gas outlet 44b, purified 
I::.' JL eith additional heatea reaucing gas 5 0b. renestea 
an d pressurized, and reintroduced a, gas inlet 22 b . 

c rt „ a He, is collected from gas outlet 
_ relating gas 50c, e.g He, ^ 

44c, purified if necessary, mixed wxth addxtxon 

. , anH reintroduced at gas inlet 2,2c. 
50c, reheated and pressurxzed and rexntr ^ 

Furth er, heated carbon-containing reaction g as 50d, e.g., . 
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collected from gas outlet 44d, purified if necessary, mixed with 
additional heated carbon-containing reaction gas, reheated and 
pressurized and reintroduced at gas outlet 22d. Similarly, heated 
post reaction gas 50e, e.g., He, is collected from gas outlet 44e, 
purified if necessary, mixed with additional heated post reaction 
gas 50e f reheated and pressurized and reintroduced at gas inlet 
22e. Cooling gas 50f, e.g., He, is collected from gas outlet 44f, 
purified if necessary, mixed with additional cooling gas 50f, 
cooled, pressurized and reintroduced at gas inlet 22f . Finally, 
heated combustion gas 50g, e.g., 0 2 , is collected from gas outlet 
44g, purified, for example, to remove combustion products such as 
C0 Z , mixed with additional heated combustion gas 50g and reheated 
and pressurized, and reintroduced at gas inlet 22g. Methods of 
mixing gases, purifying them, and reheating and repressurizing them 
are known to persons of ordinary skill in the art, so further 
discussion herein of such methods is not deemed necessary. 

As noted herein, the apparatus shown in Figures 2 and 3 and in 
the portion of the present specif ieatidn relating thereto describes 
but one type of apparatus which may be employed to carry out the 
method contemplated herein. Other apparatuses which may also be 
used are shown in Figures 4 and 5 and are further described below. 

Figure 4 shows an apparatus 58 comprising a reactor 60 used as 
a component in a continuous fluidized bed process. Catalytic 
particles 82 are fed via an input conduit 62 into a reducing 
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chamber 64 and are reduced in . manner similar to that discussed 
previously, A reducing gas such as H„ can be input through gas 
inlet 68 and removed through gas outlet 70. After the reduction 
step, the catalytic particle, 82 can be fed, via any appropriate 
mechanism, through an output channel 66 into a reheating chafer 72 
wherein the catalytic particles 82 are heated to an appropriate 
reaction temperature via an inert heating gas such as He which zs 
introduced into reheating chamber 72 via gas inlet 7 6 and which can 
he removed via gas outlet 78. the catalytic particles 82, after 
heating are passed via output channel 74 into the reactor 60 
wherein they are subjected to reaction conditions by inputting a 
carbon-contained gas as discussed previoualy (e.g., CO) via a gas 
inlet 80 which results in the catalytic particles 82 being 
maintained as a "fluidized bed- 83 wherein the carbon nanotub. 
formation process occurs. ,ight catalytic particles 65 may be 
lo£ ted out of the fluidized bed » and carried out with ezh.uat gas 
through an ezhaust conduit 84 into a light particle trap 88 which 
filter, the light catalytic particles 85 from the exhaust gas which 
i. eliminated via ezhaust outlet 80. The light catalytic particles 
85 are thereby recovered and passed through a trap output 52 via a 
light particle conduit 84 into a catalytic particle treatment uni 
96 for further processing and recycling of the light catalyse 
particles 85. meanwhile the catalytic particle, 82 which comprise 
th e fluidized bed 83, after an appropriate exposure to reaction 
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conditions within the reactor 60, are removed from the reactor 60 
via a particle output 86 and enter a cooling chamber 98 wherein an 
inert -cooling gas such as He at a lower temperature is introduced 
via gas inlet 102 thereby cooling the reacted catalytic particles 
82. The cooling gas is removed via gas outlet 104. The catalytic 
particles 82 then leave the cooling chamber 98 via output conduit 
100 and .enter an oxidation chamber 105. In the oxidation chamber 
105, the catalytic particles 82 . are exposed to an oxidative gas 
such as 0 2 which enters via a gas inlet 106 wherein the amorphous 
carbon residue on the catalytic particles 82 are removed. Gases 
are eliminated from the oxidation qhamber 105 via gas outlet 107 
and the catalytic particles 82 leave via the output conduit 108 and 
pass through a particle conduit. 110 into the catalytic particle 
treatment unit 96. In the catalytic particle treatment unit 96, 
the catalyst is separated from the support component of the 
catalytic particles 82 and 85, and the carbon nanotubes are 
separated from the catalyst by processes previously discussed. The 
carbon nanotubes are output via product output 112 for additional 
purification. The catalyst and support components are transferred 
via a separation output conduit 114 to a catalyst and support 
recovery unit 116 wherein the catalyst is recovered, for example, 
by precipitation, and the support is recovered, for example, by 
precipitation, and the catalyst and. support are reconstituted Ifi a 
manner previously described to form catalytic particles 82 which 
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can be reused in the process. The catalytic particles 82 thus 
recovered are transferred via , feeding conduit US bac* into the 
reducing chafer 6, for reuse, and -a, be mixed with fresh 
catalytic particles 82 which enter via a fresh catalytic particle 
input 120. AS previously explained, the gases used in the 
apparatus 88 of Figure 4 are preferably recovered and recycled for 

use within the apparatus 58. 

riguro 8 shows an apparatus 128 which comprises a reactor 130 
used as a component in a gu.si-continuous batch and f luidired bed 
process. Portions of the apparatus 128 rely on batch-type 
processes while portions rely on a fluidiied bed-type process, as 
explained below.' Catalytic particles 14, are fed via an input 
conduit 132 into a reducing/heatin, chafer 134 wherein the 
catalytic particles 144 are reduced in a — — "« « ^ 
ciseussed previously but in . batch process rather than xn a 
continuous process. The catalytic particles 144. bavin, been 
reduced, are then reheated in the same reducing/heating chafer 134 
in which they were reduced. The ■ gase, used for reducing and 
heating are introduced via gas inlet 138 and are removed via gas 
cutlet U0. The reducing process thereby alternates with the 
reheating process, after reheating, the catalytic 
pa „ out of the reducing/heating chamber 134 via output condurt 

, r,l9 into the reactor 130 where 
and pass through a reactor input 142 into th 

th ey are exposed to a carbon-containing gas via gas inlet 
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thereby forming the catalytic particles 144 into a fluidized bed 
150 as described previously for the apparatus 58 of Figure 4, and 
wherein the carbon nanotube formation process begins. As with the 
fluidized bed process described above, light- catalytic particles 
145 may be lofted out of the fluidized bed 150 and carried out with 
exhaust gas through an exhaust conduit 146 into a light particle 
trap 151 which filters the light catalytic particles 145 from the 
exhaust gas which is eliminated via exhaust outlet 152. The light 
catalytic particles 145 are thereby recovered and passed through a 
trap output 154 via a light particle conduit 156 into a catalytic 
particle treatment unit 158 for further processing and recycling of 
the light catalytic particles 145. Meanwhile the catalytic 
particles 144 which comprise the fluidized bed 150 after an 
appropriate exposure to reaction conditions within the reactor 130 
are removed from the reactor 130 via a particle output 148 and 
enter a cooling/oxidizing chamber 160 wherein an inert cooling gas 
such as He at a lower temperature is introduced via gas inlet 166 
thereby cooling the reacted catalytic particles 144. The cooling 
gas is removed via gas outlet 168. The catalytic particles 144 , 
having been cooled, can now be exposed to an oxidative gas such as 
0 2 via the gas inlet 166 wherein amorphous carbon residues on the 
catalytic particles 144 are removed"- Gases are eliminated from the 
cooling/oxidizing chamber 160 via gas outlet 168 and the catalytic 
particles 144, now oxidized leave- via an output conduit 162 and 
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pa99 throu g h a .article conauit 1« into the cataXytic Par i d 
tI ee»ent unit 1M. - the cataXytic particle treats 
th. cataiyst is separate th. «— * — ~ * <* ^ 

catalytic particles 144 ana ana th. carbon nenotebes are 

s e P .ratea from th. eataXyst by processee pre.iou.Xy — ^ ™ 
cerbon —as are out P ut via P roauct out P ut ». for aaaitlonaX 
pU rffication. The eataXyst a„a s upP ort » 
, ia , ,e P ,ratlon ,ut P ut conauit m to a ctaly.t ana support 

. ^ recovered, for example, 

recovery unit 174 wherein the catalyst Is 

by p reci P itstion. ana th. support is recov.rea. tor a^a b y 
p lipitation. ana the catalyst a„a support are reconstrtut.a a 
::.r P— y a.scribea to form oatalytlo .articles 14 e^ch 
can be reusaa in the prooess. ». catalytic partrcias 44 th 
Loraa ar. —a via a conauit „. bac k late , t 

. h „ 134 for reuse, ana may bo mi*ea »ith fresh 
Ie aucin g /heatin g chamber 134 for ^ 

catalytic particles 144 ehich enter via a 

inp ut XT.. - P r.viou.xy ea.leinea. tbe g ases usea 

grates U. of . are P referably —a ana recyclaa 

use within the apparatus 128. 

Changs may be maae in tbe construction ana tbe operatron 
th . „riou. cogent.. eXaments e„a assembXiee aescrrbea 
iu tbe sta P s or tbe seance of ste P s of tbe met 0* ^ 
heI ein without aepartin, from tbe s P irit ana scope of tbe 
ss definaa in th. following cXaims. 
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. All of the numerical and quantitative measurements set forth 
in this application (including in the examples and in the claims) 
are approximations . 

The invention illustratively disclosed or claimed herein 
suitably may be practiced in the absence of any element which is 
not specifically disclosed or claimed herein. Thus, the invention 
may comprise, consist of f or consist essentially of the elements 
disclosed or claimed herein. 

The following claims are entitled to the broadest possible 
scope consistent with this application. The claims shall not 
necessarily be limited to the preferred embodiments or to the 
embodiments shown in the examples. 
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What is claimed is: 

, » process for proteins cx.cn nanotuhes. comprising, 

£ eeding catalytic particles into a reactor -herein the 
catalytic particles concise a support material and 
a catalyet. the cataiyat affective in catalyzing 
. the conversion of » carton-containing gas into 
carbon nanotubee; 
removing air from the catalytic particles : 
reducing the catalytic particles by exposing the 
ostalytlc particle, to reducing condition, forming 
reduced catalytic particles? 
pleating the reduced catalytic particles to a reaction 

temperature? 

cteiytically forming carbon nanotuhes hy exposing the 
r educed catalytic particles to a carbon- containing 
g .s heated to the reaction temperature and under 
sX.vated pressure for , duration of time sufficient 
to cause catalytic production of carbon nanotuhes 
thereby forming reacted catalytic particle, bearing 

the carbon nanotubes? 

^ training gas from the reacted 
flushing the carbon- cent axnxng g 

catalytic particles; 

cooling the reacted catalytic particles; 
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treating the reacted catalytic particles to remove 

amorphous carbon deposited thereon, forming semi- 
purified catalytic particles; 
treating the semi -purified catalytic particles to 

separate the support material from the catalyst; 
treating the catalyst to separate the carbon nanotubes 

from the catalyst; 
recovering and recombining the support material and the 

catalyst to form regenerated catalytic particles; 

and 

feeding the regenerated catalytic particles into the 
reactor. 

2. The process of claim 1 wherein the process is a 
continuous flow process. 

3. The process of claim 1 wherein the step of removing air 
further comprises exposing the catalytic particles to a heated 
inert gas under elevated pressure. 

4. The process of claim 1 wherein the step of reducing the 
catalytic particles further comprises exposing the catalytic 
particles to a heated reducing gas under' elevated pressure. 
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5 The process of claim 1 wherein th. etep of preheating the 
reduced catalytic particles further co^ri.ee exposing the reduced 
catalytic particle, to a heated inert gas under elevated preeeure. 

f 

, The process of claim 1 wherein the step of flushing the 
carbon-containing gas further courses exposing the reacted 
catalytic particles to a heated inert gas under elevated pressure. 

7 The process of claim 1 wherein the step of cooling the 
reacted catalytic particles further comprises exposing the reacted 
particles to a cooling gas under elevated pressure. 

8 The process of claim X wherein the step of removing the 
amorphous carbon fro, the reacted catalytic particles further 
comprises exposing the reacted catalytic particles to oxidising 
conditions thereby burning the amorphous carbon. 

9 . The method of claim 1 wherein the catalyst is a metallic 
catalyst - 

„ The »thod of clai„ 9 wherein the etep of separating the 
oa rbo„ nanotubes fro* the metallic catalyst further cerises 
seating the metallic catalyst with acid or bass to dissolve the 
metallic catalyst thereby yielding th. carbon nanotubes. 
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11. The method of claim 1 wherein the recovering and 
recombining step is further defined as precipitating the support 
material and catalyst in separate processing steps then combining 
the support material and catalyst wherein the support material is 
impregnated with the catalyst. 

12\ The method of claim 11 further comprising calcining and 
pelletizing the support material before or after the support 
material is impregnated with the catalyst. 

13. The method of claim 1 further comprising the step of 
recycling the carbon- containing gas removed from the reactor after 
the catalysis step and reusing the carbon-containing gas in the 
catalysis step. 

14. The method of claim l wherein in the step of 
catalytically forming carbon nanotubes, the carbon- containing gas 
is exposed to the catalytic particles at a space velocity exceeding 
about 30 , 00 Oh" 1 . 
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£ eedin g catalytic P«ticlee into . — .herein «- 
catalytic parties co W ri.e a anpport .ataxia! aad 
a catalyat, the catalyst active in cataly*in 9 

■ « ^ a carbon- containing gas into 
the conversion of a caruu 

carbon nanotubes; 
renins air ft- -a catalytic particle, >y 

tha catalytic particle, to a Seated inert 9 ae under 
elevated pressure; 
reduce the cataiytic particle* oy tue 
catalytic particles to a heated redact 9 ae under 

.„ -reduced catalytic 
elevated pressure formmg reduce 

particles ? 

p rehe.tin g the reduced catalytic particles to a -action 
patera ay e^posins the reduced cataXytic 
particles to a heated inert g aa under elevated 
pressure? 

catalytically ™ — — — * ^ ^ ^ 
r aduced catalytic partidee to a — « 

g aa heated to the reaction te^erature and under 
cxevated pressure £ or a daratioa o £ «i- sufficient 

„ tJm ra rbon nanotubes 
to cause catalytic production of car* 

v. - .^reacted catalytic particles bearing 
thereby forming reacted 

the carbon nanotubes; 
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flushing the carbon- containing gas from the reacted 
catalytic particleB by exposing the reacted 
catalytic particles to a heated inert gas under 
elevated pressure ; 

cooling the reacted catalytic particles by exposing the 
reacted particles to a moderately heated inert gas 
under elevated pressure ; 

removing amorphous carbon deposited on the reacted 
catalytic particles by exposing the reacted 
catalytic particles to a heated O 2 ~containing gas 
under elevated pressure thereby oxidizing the 
amorphous carbon and forming semi-purified 
catalytic particles; 

treating the semi -purified catalytic particles to 
separate the support material from the catalyst ; 

treating the catalyst with acid or base thereby 
dissolving the catalyst to separate the carbon 
nanotubes from the catalyst; 

recovering the support material by precipitation and 
recovering the catalyst by precipitation; 

combining the recovered support material and recovered 
catalyst, impregnating the catalyst onto the 
support material, and regenerating the catalytic 
particles; and 
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feeding the regenerated catalytic particles into the 
reactor . 

.16. ?he method of claim 15 .herein the step of regenerating 
the catalytic particles further comprises calcining and pelleting 
the support material hef ore or after the catalyst is combined with 
support material - 

!, The method of claim 15 farther comprising recovering the 
heated inert gee., the heated reducing gee, the carbon- containing 
g ,e, the moderate temperature inert gee, and the heeted o. after 

their exit from the reactor, purifying each of eeid gaeee, end 

reueing each o£ eeid gases in the reactor. 

18 The method o£ claim 1= "herein each ga. ha. a gas flow 
rate which can be controlied independently of a flo. rate of the 
catalytic particles. 

„ The .nethod of cleis, 15 "herein in the step of combining 
the recovered support materia and recovered catalyst, additional 
snpport material and/or catalyst is added before regenerating the 
catalytic particle©- 
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20- The method of claim 15 wherein the inert gaB comprises a 
gas selected from the group consisting of He, Ar, and N 3 . 

21. The method of claim 15 wherein the carbon- containing gas 
comprises a gas selected fxom the group consisting of CO, CH 4 , C 2 H 4 , 
C 2 H 2f or mixtures thereof. 

22. The method of claim 15 wherein the support material is 
selected from the group consisting of SiO a , Al 2 0 3 , MgO, ZrO a , 
zeolites, MCM-41, and Mg(Al)0. 

23. The method of claim 15 wherein the catalyst comprises at 
least one of the metals selected from the group consisting of Co, 
Mo, Ni f and W. 

24. The method of claim 15 wherein the catalyst comprises a 
Group VIII metal selected from the group consisting of Co, Ni, Ru, 
Rh, Pd, Ir, Fe, Pt, and mixtures thereof, and at least one of a 
Group Vlb metal selected from the group consisting of Cr, Mo, W, 
and mixtures thereof, or a Group Vb metal. 

25. The method of claim 15 wherein in the step of 
catalytically forming carbon nanotubes, the carbon- containing gas 
is exposed to the catalytic particles at a space velocity exceeding 
about 30,000b- 1 . 
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26. 



A catalytic reactor comprising: 

a middle chafer having a lumen into .hie* a quantity of 
catalytic particles can be fed through an input end 
and removed from an output end; and 
a plurality of . pairs of gas receiving and outputting 
chambers, each pair including an inlet chamber 
adjacent a portion of the lumen of the middle 
chamber. and a corresponding outlet chamber 
opposite the inlet chamber and adjacent the same . 
portion of the lumen of the middle chafer to which 
the inlet chamber is adjacent, and wherein each 
inlet chamber and outlet chamber i- - 
communication with the adjacent portion of the 
lu men so that when a gas under elevated pressure rs 
produced into the inlet chamber, the gas passes 
fr om the inlet chamber through an orifice therein 
into the adjacent portion of the lumen across 
catalytic particles contained within the lumen and 
fr om there into the corresponding outlet chamber 
for passage out of the catalytic reactor. 
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27. The catalytic reactor of claim 2 6 wherein gas flow into 
and out of each- pair of gas receiving and outputting chambers can 
be controlled independently of a flow rate of the catalytic 
particles in the lumen, 

28. The catalytic reactor of claim 26 further comprising 
mechanisms for recycling and reusing gases removed from the 
catalytic reactor. 

29. The catalytic reactor of claim 26 further comprising 
apparatus for processing the catalytic particles removed from the 
catalytic reactor to separate catalytic products from the catalytic 
particles - 

30. The catalytic reactor of claim 26 further comprising 
apparatus for reprocessing the catalytic particles for reuse in the 
catalytic reactor. 

31. A process for producing carbon nanotubes, comprising; 
feeding catalytic particles into a reactor wherein the 

catalytic particles comprise a support material and 
an optional catalyst; 
optionally removing air from the catalytic particles 
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optionally reducing the catalytic particles to form 

reduced catalytic particles; 
optionally preheating the reduced catalytic particles; 
forming carbon nanotubes by exposing the catalytic 

particles .to a gas to. form reacted catalytic 

particles bearing carbon nanotubes; 
optionally flushing the gas from the reacted catalytic 

particles; 

optionally cooling the reacted catalytic particles ; 
optionally treating the reacted catalytic particles to 

remove amorphous carbon deposited thereon, forming 

semi -purified catalytic particles; 
optionally treating the semi-purified catalytic 

particles to separate the support material from the 

catalyst ; 

optionally treating the catalyst to separate the carbon 

nanotubes from the catalyst; 
optionally recovering and recombining the support 
material and the catalyst to form regenerated 
catalytic particles; and 
optionally feeding the regenerated catalytic particles 
into the reactor. 



47 



WO 01/94260 



PCT/US01/17778 



32. A process for producing carbon nanotubes, comprising: 

feeding catalytic particles into a reactor wherein the 
catalytic particles comprise a support material and 
a catalyst; 

optionally removing air from the catalytic particles by 

exposing the catalytic particles to a heated inert 

gas under elevated pressure ; 
optionally reducing the catalytic particles to form 

reduced catalytic particles; 
optionally preheating the reduced catalytic particles; 
forming carbon nanotubes by exposing the catalytic 

particles to a gas to form reacted catalytic 

particles bearing carbon nanotubes; 
optionally flushing the gas from the reacted catalytic 

particles ,- 

optionally cooling the reacted catalytic particles ; 

optionally removing amorphous carbon deposited on the 
reacted catalytic particles and forming semi- 
purified catalytic particles; 

optionally treating the semi-purified catalytic 
particles to separate the support material from the 
catalyst ; 

optionally treating the catalyst to separate the carbon 
nanotubes from the catalyst ; 
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4™* t-he support material and the 
optionally recovering the suppo 

catalyst ; 

optionally coining the recovered .upport serial «d 
recovered catalyst, end optionally reg.ner.tlB3 the 
catalytic particles; and 
optionally reeding the regenerated catalytic particle* 

into the reactor. 

33 A catalytic reactor coraprieing: 

. chafer into »hich a entity o. catalytic particle* 

can be fed? and 
optionally a plurality of pair, of gas r.c.iving and 
outputting chambers. 
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